The thermal decomposition of cyanonitrene, NCN, was studied behind reflected shock waves in the temperature range 1790-2960 K at pressures near 1 and near 4 bar. Highly diluted mixtures of NCN 3 in argon were shock-heated to produce NCN, and concentration-time profiles of C atoms as reaction product were monitored with atomic resonance absorption spectroscopy at 
Introduction
The cyanonitrene radical, NCN ] In addition, the unimolecular decomposition of NCN may also be a relevant loss-channel at sufficiently high temperatures. Theoretical analyses have shown [ 18 ] that the latter reaction mainly leads to C + N 2 that is, the major thermal decomposition channel of ground state triplet NCN can be written, in bimolecular form, as:
In early theoretical studies[ 1013 mbar are also given in ref [18] . From these calculations it follows that k 1 in the above given temperature range is very close to its low-pressure limit even at pressures near 1 bar. [ 
]
Very recent theoretical studies on the kinetics of the N + CN reaction[ close to the low-pressure limit under these conditions in line with the predictions mentioned above.
In the present work, we report on a complementary shock-tube study of NCN decomposition.
Whereas in ref [15] time-resolved laser absorption was used to monitor the reactant NCN, we use atomic resonance absorption spectroscopy (ARAS)[
27
, 28 ] to monitor C atoms formed as products of reaction R1. Besides the direct detection of a product, which could verify the predicted dominance of the C + N 2 channel, the high sensitivity of ARAS enables us to apply very low initial concentrations of NCN, which suppresses competing bimolecular reactions.
5
We analyze our results, using statistical rate theory and model the observed temperature and 
Experimental Section
The experiments were performed in a honed stainless steel shock tube behind reflected shock ] and the rate coefficients were determined from the initial slopes.
The detailed reaction conditions along with the rate coefficients are listed in Tables S1 and S2 of the Supporting Information. In the following a brief description of the experimental setup is given.
Shock Tube.
The shock tube used is identical to that described in earlier publications (see e.g. ref [33] Table S3 of the Supporting Information along with the thermochemical data in Table S4 . We note in passing that we also tried to detect N atoms as a product of NCN 40 ], we always obtained calibration curves with too strong temperature dependence and curvature. Therefore, we refrained from inferring rate coefficients of the decomposition reaction NCN + M → N + CN + M, also because consecutive reactions producing N atoms cannot be ruled out. From the estimated, low N-atom yields, however, there is strong evidence that reaction R1 is indeed the by far dominating pathway of NCN decomposition. This was predicted in ref [18] and is also in line with the experimental results from ref [15] (see below). [14] ). This procedure is based on the reaction of NaN 3 (99%, Fluka) with BrCN (97%, Fluka) to produce NaBr and the desired NCN 3 . The synthesis was carried out in an allglass apparatus consisting of a 100 ml bulb equipped with a 25 cm long Vigreux column connected to a 2 L bulb. Before each synthesis, NaN 3 was finely powdered and immediately filled into the Vigreux column closed with glass wool. Then the entire apparatus was evacuated for several hours to remove air and volatile contaminants like water. It was then flushed with He, and some (less than 1 g) BrCN was put into the 100 ml glass bulb. After re-evacuation, BrCN was allowed to react under its own vapor pressure with NaN 3 for at least 15 hours. Gaseous NCN 3 was collected in the 2 L bulb and directly used to prepare the test mixture.
The obtained product was analyzed with IR spectroscopy and mass spectrometry. The spectra reveal a residual contamination with BrCN not exceeding 5%. Because variation of the initial concentrations in our shock tube experiments had no discernible influence on the rate coefficients of the NCN decomposition, we considered side reactions of BrCN as unimportant. ]. In addition, the geometries corresponding to each stationary point were optimized at the CCSD/cc-VnZ level of theory (with n = D,T). [ω(I -P)
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Here, ω denotes the Lennard-Jones collision frequency, I is the unit matrix, P is the matrix of the collisional transition probabilities, P(E, E'), and K 1 is a diagonal matrix of the specific rate 
Results and Discussions

Experiments. A typical C-atom concentration-time profile as obtained from our calibrated
ARAS measurements is shown in Figure 3 . The initial increase of the C-atom concentration is caused by reaction R1, and the rate coefficient k 1 was determined from a linear fit of a first-order rate law to the initial slope:
To check whether the rate coefficients k 1 are in the low-pressure limit, we calculated for each experimental point the bimolecular rate coefficient
The results are plotted in Figure 4 . It is evident that the bimolecular rate coefficients are virtually independent of pressure, which indicates that the reaction is indeed at or very close to the low-pressure limit.
The temperature dependence of k 1 bim can be expressed by the following Arrhenius equation: (4) where the statistical error was estimated to be 50%. A systematic uncertainty may arise mainly from the calibration but is difficult to assess. In view of this combined uncertainty, we refrain from giving a three-parameter Arrhenius-Kooij-type equation despite the slight curvature of the Arrhenius plot discernible in Figure 4 . The very good agreement between the rate coefficients determined in this work with those from ref [15] can be seen as an indication that our calibration procedure is adequate. It provides also strong evidence for reaction R1 being indeed the dominant decomposition channel of NCN.
Whereas in ref [15] the decay of NCN was monitored, in our experiments the production of C atoms was detected. If important parallel decomposition channels of NCN leading to products other than C existed, they would have led to differences in the rate coefficients determined with these two different methods. At least within the experimental uncertainties, such differences cannot be discerned.
In Figure 4 , also the temperature dependence predicted by Moskaleva and Lin[ 18 ] is shown, and the agreement with the experimental results is good in particular at the higher temperatures. Figure 4) , that is, the latter reaction is the rate-determining step.
At the initial stage of the NCN decomposition reaction, consecutive bimolecular reactions of the C atoms can be neglected due to the low initial NCN concentrations. We used mixtures with different initial NCN 3 concentrations (between 2 and 32.3 ppm, see Tables S1 and S2 of the Supporting Information) and did not find any systematic variation of the rate coefficients k 1 obtained.
Properties of the CN 2 Triplet Potential Energy Surface
The However, calculations at other ab initio levels confined to the saddlepoint region show that the shape of the PES is very similar to that in Figure 6 . To get to this saddle point from the CNN potential well, the system needs a significant amount of energy.
However, the plot also shows that the collinear departure of the carbon atom from the N 2 molecule needs much less energy, moreover, the energy remains below the level of the separated fragments. Figure 
Master Equation Modeling
A result of our master equation modeling is displayed in Figure 4 . For this calculation, we used the threshold energy of E 0 = 304.9 kJ mol − 1 obtained at CCSD(T)/CBS//CCSD/cc-pVTZ level of theory (cf. Table 1 ) and used ΔE SL to fit the calculated rate coefficient to the measured points.
We obtained the best fit with ΔE SL = 1500 cm − 1 . Fits of nearly identical quality were obtained with the following pairs of parameters: E 0 = 307.3 kJ mol − 1 (CCSD(T)/CBS//B3LYP/cc-pVTZ)
with ΔE SL = 1670 cm − 1 and E 0 = 301.2 kJ mol − 1 ((10E,9O)-CASPT2/cc-pVTZ) [ 22 ] with ΔE SL = 21 1400 cm − 1 . The differences in the calculated rate coefficients for these three cases are well below 10%.
The master equation modeling confirms that the rate coefficient k 1 is very close to the lowpressure limit under our experimental conditions with deviations below −0.7% at pressures near 1 bar and below −2.2% near 4 bar. Extrapolations show that at a pressure of P = 10 bar, the deviation from the low-pressure limit is −7.4% at T = 1800 K, −3.1% at T = 2300 K, and −2.2%
at T = 2900 K; the corresponding numbers at P = 50 bar are −19.6%, −12.9%, and −7.7%, respectively. As is obvious from Figure 4 , the solution of the master equation also reproduces the slight negative curvature of the Arrhenius plot of the experimentally determined rate coefficients within their error margin. have to be used. However, without some external source of information, the functional dependence of the energy transfer parameters can only be guessed, and the data available from our experiments confined to the low-pressure regime do not carry enough information to fix them. The magnitude of the bimolecular decomposition rate coefficient is about two orders of magnitude lower than the rate coefficients measured for reactions of NCN with reactive species such as atomic oxygen in the high-temperature region. Considering that the concentration of stable molecules as nonreactive collision partners in flames is orders of magnitude larger than those of reactive species, the thermal decomposition of NCN as a NCN loss channel cannot be neglected.
Summary and Conclusions
